Temper rolling is a fundamental process applied in steel industries to improve the tensile properties of sheet steels by eliminating discontinuous yield behaviours. Virtually evaluating the effects of temper rolling mechanics on eliminating discontinuity is still a crucial problem due to a lack of comprehensive constitutive material models that correctly describe this elimination mechanism. In this paper, modified anisotropic constitutive model based on Hill's 48 yield criterion are used for finite element analysis (FEA) of the temper rolling process. This model was applied for four different sheet thicknesses and the FEA results are compared with experimental results obtained directly from the production line. According to the results, the customized model that implements the modified anisotropic yielding criterion efficiently describes the tensile behaviour of low carbon steels following temper rolling, and it more accurately predicts the lower and upper yielding points than the isotropic yielding criterion. This model thus assists to facilitate the simulation, optimization and prediction of mechanical properties following temper rolling.
Introduction
Temper rolling, also known as skin-pass rolling, represents the final forming step in the production chain of cold rolled steel to fabricate sheets with high flatness and low surface roughness. It is mainly utilized to prevent the formation of Lüder's bands (LB) to eliminate the sharp yield point and subsequent plateaus (Roberts, 1983) . A sharp yield point followed by a plateau always appears in the stress-strain curve of a uniaxial tension test for annealed steels and a number of BCC materials. Sharp yield point leads to sheet surface non-uniform plastic deformation patterns called 'stretcher-strain marks' during stamping operations, considerably deteriorating sheet metal product quality (Pepelnjak et al., 2007) .
An investigation on a wide range of steels confirmed that as a sheet passes through the roll gap, stress periodically accumulates promoting localized yielding near the surface with a tendency to disperse throughout the thickness. These plastically deformed regions generated during skin-pass rolling subsequently act as nucleation sites for diffused plastic strain propagation during post-rolling deformation. Discontinuous yielding phenomena of the skin-passed steel would thus be suppressed and a macroscopically continuous transition from elastic to plastic strain would become evident (Lake, 1985) .
The effect of temper rolling on the tensile properties of low Si-Al killed sheet steel was empirically studied by Ma et al. (2009) . The results indicate that yield strength initially decreased with greater thickness reduction of up to 1% and afterward increased for thickness reduction values above 1%. The outcome additionally demonstrated that the tensile strength of this type of steel increased with amplified reduction of thickness and the relation was expressed in the form of a power law.
Finite element analysis (FEA) of the yield point phenomena in temper rolling was first reported by Itoh et al. (1992) , and non-uniform plastic deformation patterns appearing in mild steel sheets under tension were calculated. Yoshida (2000) proposed the first theoretical model that describes both the yield point phenomenon and cyclic plasticity behaviour, such as the Bauschinger effect and cyclic hardening. The respective model was unable to simulate and predict actual material behaviours, such as sharp yield point. Yoshida et al. (2008) later offered the first constitutive model that describes the yield point phenomena of steels. In such model, two modes of plastic deformation are considered. First one describes the deformation at the LB front and the other is the subsequent deformation of material elements that LBs have previously passed through. These types of plastic deformation correspond to the plastic behaviour at the yield plateau as well as work hardening regions. The researchers presented two different constitutive equations for each individual mode. As a result, it was feasible to reproduce an accurate upper yield point along with the rate dependence of Lüder's strain, both of which could not be captured by the former model. This constitutive model considers the material's isotropic behaviour during deformation while taking into account the von Mises yield criteria as a yield function.
Many attempts have been done to formulate the effect of temper rolling on mechanical properties of steel sheets. Several of the research works identified in literature were based on empirical techniques that significantly raise process cost and time, whereas analysing and theoretically studying the sheet's mechanical properties after temper rolling have received trivial attention. The objective of the present research work was to modify Yoshida's model by considering the effect of anisotropy based on Hill's 1948 quadratic yield criterion. The proposed constitutive model was applied in a FEA, after which experimental investigation were conducted to validate the results of FEA. Yoshida et al (2008) showed that in polycrystalline metal, during Lüder's band (LB) propagation, plastic deformation advances rapidly only at the band front. When the LB (moving dislocation) covers the entire specimen, the deformation becomes homogeneous and the flow stress rises as the material hardens. To describe these deformations by assuming the material's isotropic behaviours during the forming process, two different individual constitutive equations were proposed to describe the LB propagation at the band front (mode LB), and the subsequent plastic deformation with work hardening (mode WH), as follows for isotropic constitutive model:
Development of Anisotropic model
For mode LB:
For mode WH:
where is the effective plastic strain (subscripts LB and WH indicate the modes), is the Cauchy stress deviator, b stands for the norm of the Burgers vector, m is the mobile dislocation density, M denotes the Taylor factor, D is shear drag stress, 0 Y indicates the initial yield stress, n is a stress sensitivity exponent, y R is the isotropic hardening internal stress and denotes the kinematic hardening internal stress tensor (the back stress tensor).
To describe the kinematic hardening effect, Prager proposed the first model, in which the evolution of the kinematic variable is collinear with the evolution of the plastic strain (Chaboche, 2008) , thus:
The linearity associated with the stress-strain response is rarely observed (except perhaps in the regime of significant strains). A better description is given by the model proposed initially by Frederick and Armstrong (2007) introducing a recall term, called dynamic recovery:
where C and are constants and 
In Eqs. (7) to (10), c describes the initial anisotropy in state of zero plastic strain, * c describes anisotropy depending on the present state of plastic strain. In the model for mode LB, the kinematic hardening is neglected since the deformation at LB front is characterized by the rapid multiplication of dislocations rather than the dislocation interactions which cause the Bauschinger effect.
FE-model and simulation procedure
In order to investigate the influence of temper rolling on removing the discontinuity of a yielding region in lowcarbon steel based on the newly modified model, the scope of FEA was organized in three different phases for four different sheet thicknesses. First, mechanical properties of the target steel were evaluated experimentally and numerically to observe the discontinuous yield phenomena. At the second phase, for each thickness FEA of temper rolling were carried out by consideration of isotropic and anisotropic models. Finally at the third phase, following temper rolling by consideration of residual stresses, equivalent plastic strain and mesh configuration, the tensile tests were performed numerically and experimentally to obtain the specimen's mechanical properties.
FEA was carried out with the Abaqus 6.11 explicit elasto-plastic package. The FEA mesh configuration for the sheet was constructed with 5890 nodes and 4392 eight-node brick elements, with reduced integration and hourglassing control. Brick element application takes into account the sheet as a 3D domain, which is a more realistic approach to process modelling. To increase process sensitivity four elements were considered in thickness direction. Arbitrary Lagrangian Eulerian adaptive meshing was applied in all simulation steps in order to maintain high mesh quality throughout analysis. In addition, the mass scaling feature was utilized to facilitate computational time reduction. The rollers in this simulation were deemed as a rigid body. The coefficient of friction at the interfaces between the blank and rollers was 0.15.
Number of tensile testes before temper annealing in accordance to the ASTM Standard E8 were performed to determine the mechanical properties of steel sheet (SAE1008). The tensile test results were summarized in Table1. Anisotropic yield behaviour is modelled through the use of yield stress ratios, R ij . In the case of anisotropic yield the yield ratios are defined with respect to a reference yield stress, 0 (given for the metal plasticity definition), such that if ij is applied as the only nonzero stress, the corresponding yield stress is R ij 0 . Temper rolling process were performed with two-high mill machine, with working roll diameter of 535.59 mm with maximum and minimum deviation of 4×10 -4 mm and -9×10 -4 mm respectively. The temper rolling operating conditions are listed in Table 2 and directly applied on FE-model. Mesh configuration, boundary conditions and load cases for uniaxial tests and temper rolling process are depicted in Fig. 1 . The first load case is skin pass rolling process parameters while the second load case is for uniaxial test which was performed before and after temper rolling. 
Results and discussion
The FE-simulation of temper rolling process for the sheets with initial thickness of 0.83, 1, 1.03, 1.43 and 1.49 mm based on the material properties (Table 1 ) and operating condition (Table 2 ) with respect to isotropic and anisotropic constitutive equations (section 2) and simulation conditions (section 3) was carried out to reach the final thicknesses of 0.8, 1, 1.42 and 1.46 mm.
FEA results of uniaxial tension test at quasi static conditions (strain rate of roughly 10 -3 s -1 ) for as-received steel sheets (before temper annealing) are depicted in Fig. 2-a to 2-d in blue line. A sharp yield point and a subsequent abrupt yield drop, followed by a work hardening zone for all tested thicknesses are obvious. This phenomenon is a consequence of rapid dislocation multiplication and stress dependence of dislocation velocity. Specifically for the metal with BCC structure and annealed steels, the dislocation locking mechanism affects the rapid multiplication in the initial yielding stage. The numerical results depicted in Fig. 2 validate Shioya et al. (1976) and Yoshida et al. (2008) constitutive models.
The FEA results after temper annealing prove that the anisotropic constitutive model can predict the behavior of steel more accurately and very close to experimental results in comparison with the isotropic constitutive model, particularly with respect to yielding point and ultimate tensile stress. The simulation results for the anisotropic case are more accurate; however the deviation between simulation results in the anisotropic and isotropic cases is less than 5%. This difference is magnified and shown as an example in the inset ellipse in Fig 2-b for a thickness of 1.03mm. This deviation is same for other thicknesses and show the same error level. As can be clearly seen from Acceptable correlations between numerical and experimental data were obtained for the samples after temper rolling. The results confirm the aptitude of temper rolling to lower the yield point and remove discontinuity. The FE simulation outcome does not indicate a significant difference in which whether the anisotropic or isotopic combined hardening model is considered, since both models can successfully predict the elimination of Lüder's bands. The results were summarized in Table 3 . 
Conclusion
Steel sheet temper rolling is conducted to eliminate the discontinuous yield point behavior and decrease the high yield value caused by the Lüder's bands effect. In this research the effects of temper rolling on yield point behavior of steel SAE1008 sheets were studied by consideration of isotropic constitutive model and the modified anisotropic constitutive model based on Yoshida's model. Results showed, both constitutive models successfully predicted the mechanics of the temper rolling process and generated the tensile properties of rolled sheets. The models were also validated by conducting the uniaxial tensile tests on steel sheets which were obtained directly from the production line. A comparison between the results revealed that the proposed anisotropic constitutive model is able to simulate the elimination of Lüder's bands more accurately than the isotropic constitutive model. From an engineering point of view, the isotropic hardening model is still acceptable since the difference in error between the two models is below 5%. However, from an academic perspective, the modified anisotropic model helps facilitate the simulation, optimization and prediction of the mechanical properties of temper rolled low-carbon steel.
